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The field of dental calculus research has exploded in recent years, predominantly due to the multitude of studies
related to human genomes and oral pathogens. Despite having a subset of these studies devoted to non-human
primates, little progress has been made in the distribution of oral pathogens across domestic and wild animal
populations. This overlooked avenue of research is particularly important at present when many animal pop
ulations with the potentiality for zoonotic transmission continue to reside in close proximity to human groups
due to reasons such as deforestation and climatic impacts on resource availability. Here, we analyze all previ
ously available published oral microbiome data recovered from the skeletal remains of animals, all of which
belong to the Mammalia class. Our genus level results emphasize the tremendous diversity of oral ecologies
across mammals in spite of the clustering based primarily on host species. We also discuss the caveats and flaws
in analyzing ancient animal oral microbiomes at the species level of classification. Lastly, we assess the benefits,
challenges, and gaps in the current knowledge of dental calculus research within animals and postulate the future
of the field as a whole.

1. Introduction
The calcified form of dental plaque, otherwise referred to as dental
calculus, is not only considered to be ubiquitous across the fossil record,
but contains a myriad of genetic, proteomic, metabolomic, and micro
fossil information related to both the host and the microorganisms
therein. Although considered waste for decades by dental practitioners
and a nuisance to many museum curators, it was only recently that the
information nature of calculus was truly uncovered (Adler et al., 2013;
Warinner et al., 2014). As the breadth of calculus studies grew, soon
emerged an interest in mammalian dental calculus and the information
they may hold regarding pathogen evolution and zoonotic reservoirs.
Dental calculus is abundant within extant wild and captive animals
considering those with high concentration of salivary calcium and
phosphorus can exhibit calcified plaque within three days of biofilm
development (Zander et al., 1960).
The earliest case of dental calculus present in non-human primates
were found in Dryopithecus carinthiacus, fossil hominids from 12.5 mya
(Fuss et al., 2018). The dental evidence suggests that these hominids
consumed highly cariogenic fruits rich in sugars much more often than
their extant primate cousins (Fuss et al., 2018). An additional case from

Sivapithecus sivalensis dating to slightly more recently in the Miocene,
8.7–9.3 mya, did not find any conclusive dietary evidence (Hershkovitz
et al., 1997). Although the preservation of DNA cannot extend back to
the Miocene, recently, genetic material was successfully recovered from
mammoths in Siberia dating back more than one million years ago (van
der Valk et al., 2021). Proteins too have been shown to preserve beyond
the one million year barrier; a huge benefit to both dental archaeologists
and geneticists (Hendy, 2021). In recent decades, phytoliths (accumu
lation of silica within plant cells that can appear embedded within
dental calculus) have been identified using traditional high resolution
magnification (Armitage, 1975; Ciochon et al., 1990; Fox et al., 1994,
1996; Middleton and Rovner, 1994) and through scanning electron
microscopy (Dobney and Brothwell, 1988; Hansen et al., 1991; Van
dermeersch et al., 1994).
Studies revolving around non-human primate oral microbiomes,
although few, have yielded fascinating insights into the health of our
closest evolutionary relatives. Early studies focused on preventing pla
que formation and thus, the progression of periodontal disease within
captive primates (Beem et al., 1991; Willis et al., 1999). These studies
paved the way for more in-depth analyses of periodontal disease present
in macaques (Ebersole et al., 2019; Reynolds et al., 2009) and lorises
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(Plesker and Schulze, 2013), among others. Initial examinations of
microremains explored two decades of chimpanzee occupation at Taï
National Park, Côte d’Ivoire and uncovered the wealth of information
about various dietary behaviors these assemblages collect, from plant
consumption to age of weaning and even nut-cracking activities (Power
et al., 2015).
Although microremains and phytoliths are incredibly informative,
Weyrich and colleagues used DNA sequence information to infer dietary
information along with microbial content in Neanderthal sites in Spain
and Belgium (Weyrich et al., 2017). The authors found evidence of
certain dietary sources (sheep, mushrooms) and self-medication due to
health issues associated with a dental abscess and the presence of a
gastrointestinal pathogen (Enterocytozoon bieneusi) by Neanderthals.
However, other studies have suggested that caution must be exercised
when inferring diet and behavior from DNA sequences alone (Charlier
et al., 2018; Mann et al., 2018, 2020; Ottoni et al., 2019; Ozga et al.,
2019). Subsequent primate calculus studies have investigated the oral
pathogens in wild chimpanzees (Ozga et al., 2019) and microbial di
versity within mummified Egyptian baboons (Ottoni et al., 2019). Ozga
and colleagues showed a high abundance of Porphyromonas in historic
wild chimpanzees from Gombe National Park compared to historic
humans, while Ottoni and colleagues suggested unique oral signatures in
captive Egyptian baboons compared to humans and wild primates
(Ottoni et al., 2019; Ozga et al., 2019). Lastly, plaque studies have also
ventured into living captive populations, as demonstrated in a study by
Kirakodu and colleagues on rhesus monkeys from Puerto Rico that
showed microbial differences across age associated with periodontal
infections (2019).
In parallel to human investigations and primate studies, the veteri
nary community continued to be concerned with the modern manifes
tation of dental calculus across the animal kingdom, particularly within
captive, endangered, domesticated, and those animals related to agri
culture. There is a multitude of literature devoted to these topics, but
they fell into several categories that are worth mentioning briefly. A
bulk of the literature is associated with common household pets such as
dogs (Carroll et al., 2020; Clarke et al., 2011; Quest, 2013) and cats
(Bellows et al., 2012; Scherl et al., 2019) and the effort to combat plaque
buildup through treats and chew toy interventions. Other common wild
and domesticated animals that have been studied for oral pathologies
and calculus deposition include horses (Earley and Rawlinson, 2013),
camels (Eze et al., 2012), pandas (Jin et al., 2012), brown bears (Wenker
et al., 1998), dolphins (Loch et al., 2011) and captive big cats (Kapoor
et al., 2016). However, these studies rarely investigate the oral micro
biome, with those studies only involving dogs (Dewhirst et al., 2012; Oh
et al., 2015), cats (Adler et al., 2016; Dewhirst et al., 2015), and most
recently a number of ancient mammals (Brealey et al., 2020). The latter
study in particular, demonstrated the potential of dental calculus as a
tool to conduct comparative studies of oral microbiomes and pathogen
evolution in a range of animal species, and also as a source of host DNA
to reconstruct ancient genetic profiles (Brealey et al., 2020).
In this meta-analysis, we compare dental calculus metagenomic
profiles from all previously published animal datasets along with several
human datasets integral to the field of oral metagenomics, an effort to
provide a more expansive view of oral microbial distribution across
mammals. The dataset includes comparative modern, historic, and
prehistoric human populations (Eisenhofer et al., 2020; Mann et al.,
2018; Velsko et al., 2019; Warinner et al., 2014; Weyrich et al., 2017),
along with non-human primate chimpanzees (Ozga et al., 2019) and
baboons (Ottoni et al., 2019), and finally large mammals (Brealey et al.,
2020). The human metagenomic data come from a variety of geographic
locations and time periods (Eisenhofer et al., 2020; Warinner et al.,
2014; Weyrich et al., 2017), and also include paired dentin and calculus
data (Mann et al., 2018) along with microbial profiles from historic
calculus, modern plaque, and modern calculus (Velsko et al., 2019). We
have also included comparative data from human skin and soil
(Table S1). Our meta-analysis of the DNA reads from these datasets

suggest that microbiota belonging to animals of the same species pre
dictably cluster together, but there is a tremendous breath of diversity
across the animal kingdom. We will also address issues that come along
with the comparison of animal microbiomes to a reference database
largely composed of human derived microbial material. We maintain
that further examination of both extant and extinct, captive and do
mestic mammalian oral microbiomes are necessary in order to fully
understand oral microbial diversity within the host.
2. Materials and methods
Raw DNA reads of shotgun sequenced metagenomic samples from
the literature (Table S1) were downloaded and pre-processed with
AdapterRemoval (Schubert et al., 2016) (–minlength 30 –minquality 25
–trimns –trimqualities –collapse). Sequence duplicates were removed
with Prinseq (Schmieder and Edwards, 2011). Taxonomic classification
of pre-processed reads for each sample was done with a custom database
of bacterial, viral, archaeal and organelle genomes from the NCBI
RefSeq (https://www.ncbi.nlm.nih.gov/refseq/, as of November 2020).
The reference genomes in the database were masked in Kraken2 for
low-complexity regions with Dustmasker, to reduce the impact of po
tential spurious classifications (Wood et al., 2019). Read abundances for
each species taxonomically identified in the Kraken2 output were esti
mated with Bracken (Lu et al., 2017). In the dental calculus samples
from Egyptian baboons, bears, gorillas and reindeer, which were shown
in the original studies to possess low proportions of oral taxa, environ
mental contaminants were filtered as previously described (Brealey
et al., 2020; Ottoni et al., 2019). For the gorillas, we used the ‘washed’
samples, as reported in the study by Brealey and colleagues, as they
showed a higher proportion of endogenous reads (Brealey et al., 2020).
Species abundance tables were normalized for genome length with a
custom python script (https://github.com/claottoni). Namely, we
divided the species reads abundance for the size (in Gb) of the species
genome reported in the NCBI. To do that, we generated a table of
genome lengths from the NCBI browser (https://www.ncbi.nlm.nih.
gov/genome/browse/#!/overview/) for the taxa represented in our
RefSeq custom database. This table was then used for normalization
with a custom python script (https://github.com/claottoni). Read
abundances were also normalized for library size through total sum
scaling in R (Table S2). We used taxonomy-ranks (https://pypi.org/proj
ect/taxonomy-ranks/) to retrieve full taxonomic data of species abun
dances (from species up to phylum) and generate abundance tables at
the genus-level (Table S3). Normalized species and genera abundance
tables of bacteria and archaea were filtered to include only taxa with
frequency >0.02% in the full dataset of samples.
Alignment to the reference genome of Olsenella sp. oral Taxon 807,
Lawsonella clevelandensis, Acinetobacter johnsonii and A. lwoffii, which
were found to be the most discriminant species among the animal groups
investigated in DESeq2 (Table S4, see below), was conducted to screen
the authenticity of the microbial species and their taxonomic assigna
tion. Quality-filtered and adapter-trimmed reads were aligned against
the “reference” or “representative” genomes available in the NCBI
RefSeq database with bwa aln at high stringency (-n 0.1). Post-mortem
damage in the form of cytosine deaminations was calculated with
mapDamage (Jonsson et al., 2013).
We investigated the edit distance distribution by calculating the
parameter -Δ% (negative difference proportion) in each sample
(Table S6) (Hübler et al., 2019). To do so, we generated a bed file of edit
distances to the reference of the mapped reads with bedtools bamtobed
-tag NM, and we calculated the -Δ% in R with barplot. We regarded
taxonomic assignations with -Δ% >0.8 as authentic, to account for the
possibility of cross-alignments due to horizontal gene transfer and the
presence of closely related microbial species in the sample, as recently
proposed (Hübler et al., 2019). In the highly damaged ancient Egyptian
baboon calculus samples, edit distances >0.8 were obtained after
filtering the mapped reads with PMDtools (https://github.com/po
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ntussk/PMDtools) for post-mortem damage (–threshold = 1) and map
ping quality >30 (–requiremapq = 30).
Bray-Curtis dissimilarities from the species abundances were calcu
lated for the microbiomes present in our comparative dataset with vegan
and plotted using non-metric multidimensional scaling (Fig. 1). The
genus-level Bray-Curtis dissimilarities of species abundances in the oral
microbiomes were also visualized in a dendrogram with the
unweighted-pair group method with arithmetic means (UPGMA) using
the ape library in R (Fig. 2). Approximately Unbiased (AU) p-values
computed by multiscale bootstrap resampling were estimated with
pvclust in R. To detect the most differentially abundant species and
genera among the animal groups (Table S4, Table S5) we used DESeq2
(Love et al., 2014), and generated heatmaps with pheatmap in R (Fig. 3).
3. Results and discussion
3.1. Caveats for taxonomic classification of animal shotgun sequencing
data
Our first focus in the meta-analysis of previously published data was
to determine the most accurate method for examining the presence of
microbial communities across a variety of mammalian species, including
primates. Originally, our taxonomic investigation of the animal dental
calculus microbiomes was focused on the species-level classification
(Table S2). In order to detect discriminant microbial species in groups of
oral microbiomes of our comparative dataset (chimpanzees, baboons,
bears, reindeers, modern and historic humans), we made pairwise
comparisons between the dental calculus microbiomes in DESeq2
(Table S4) (Love et al., 2014) (gorillas were left out due to the low
number of individuals (n = 2)). We found that the bacterial species
Olsenella sp. oral Taxon 807 and Lawsonella clevelandensis were typical of
non-human primates, baboons and chimpanzees, respectively. The
latter, in particular, has been recently described as an emerging patho
genic bacterium isolated from human abscesses (Bell et al., 2016). As
such, we opted to further investigate these microbiota at the species
level in order to validate these results as authentic.
Then, we tested whether the use of microbial reference databases
biased on human research, mostly originating from human-derived
biological sources, could affect the species classification in animalderived samples. To do that, we assessed the authenticity of Olsenella
sp. oral Taxon 807 and Lawsonella clevelandensis by calculating the edit
distance distribution and the -Δ% value. For Olsenella sp. oral Taxon 807

Fig. 2. UPGMA of Bray-Curtis dissimilarities calculated from bacterial and
archaeal species abundances of dental calculus samples analyzed. Approximate
Unbiased (AU) p-values computed by multiscale bootstrap resampling in pvclust
are indicated for the main clusters.

Fig. 3. Heatmaps generated with DESeq2 of normalized abundances of the 40
most abundant and relevant bacterial and archaeal species detected by Kraken2
in the animal and human dental calculus samples analyzed.

in the baboons, the -Δ% was compatible with the species assignation in
the more recent historic samples (ANSP 11833 and ANSP 3271) and in
the two ancient Egyptian samples BB01 and BB08 (Table S6). In the
remaining four ancient baboons the Δ% was most likely affected by the
high deamination rate, and after filtration of the damaged reads with
PMDtools -Δ% increased to acceptable values above 0.8. For Lawsonella
clevelandensis in the chimpanzees -Δ% was fairly low, ranging 0.56–0.61
(Table S6), even after filtration of reads carrying deaminated cytosines.
This result suggests that a yet uncharacterized microbial species closely
related to Lawsonella clevelandensis is discriminant for the chimpanzee
oral microbiome that we reconstructed, and highlights the potential
flaws associated with the use of human-biased microbial reference da
tabases for metagenomic analysis of animal samples. For this reason we
restricted the downstream analyses to the genus-level comparisons.
In addition to Lawsonella clevelandensis, we also found that species of
the Acinetobacter genus (A. johnsonii and A. lwoffii) were distinct in
bears and reindeers (Table S4), and to a lesser extent, chimpanzees.
However, upon further examination, this genus has also been identified
as a common contaminant for ancient samples (Eisenhofer et al., 2019;
Salter et al., 2014). In order to check this species as a contaminant, we
aligned the reads of the bear and reindeer samples to the reference se
quences of the two most common Acinetobacter species detected in our

Fig. 1. Non-metric Multidimensional scaling of Bray-Curtis bacterial and
archaeal normalized species abundance obtained with Kraken2 of microbiomes
analyzed. (see also Table S1). The stress value is 0.16.
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century zoo (ANSP3271 and 11833). As previously observed in Ottoni
and colleagues, data from wild specimens may help in the future to
assess to what extent the clustering observed reflects the omnivorous
foraging behavior of the baboons in natural conditions, or whether the
oral microbiomes of the animals investigated were affected by captivity
(Ottoni et al., 2019). The bear, gorilla and reindeer dental calculus
microbiomes were not as distinctive as the others, clustering very close
to each other. This could be due to the lack of resolution of the
genus-level analysis and the low number of samples available.
In line with the observations at the species level, the analysis of
differently abundant genera with DESeq2 (Table S5; Fig. 3) detected
Olsenella and Lawsonella as typical for non-human primates. Compared
to modern humans, the animal dental calculus samples were less rep
resented by species of the genera Eikenella, Lautropia, Ottowia, and in
particular for non-human primates, Neisseria. At present, it is not known
whether this is due to a lack of data in the field of mammalian oral
microbiomes, or whether these genera are more associated with primate
oral disease. As addressed previously, a single chimpanzee sample was
characterized by a high frequency (11.8%) of Methanobrevibacter,
which was abundant in the historic human sample (15.7%). This taxon
was found to be rare in other chimpanzees (0.6%) and may suggest a
more serious oral health issue, as Methanobrevibacter species have been
shown to promote secondary colonization by fermenters potentially
increasing the likelihood of periodontitis (Lepp et al., 2004). However,
the Methanobrevibacter genus has been poorly characterized in the
current literature and may be more associated with mature calculus as
opposed to biofilms (Velsko et al., 2019). Finally, the genus Porphyr
omonas, which was shown to be of high abundance in dental calculus
recovered from chimpanzees (Ozga et al., 2019), is largely absent from
the other animals examined aside from two bear samples and only
present at an average of 2.9%. P. gingivalis, part of the Red Complex
(Socransky et al., 1998), was initially tied to poor oral health, but also
found to be common within healthy humans (Arora et al., 2014). As is
the case in many microbiome studies, further population of databases
and more extensive non-human oral examinations are necessary.

species classification. We found low deamination levels (Table S6),
corroborating the hypothesis that these taxa originate from a modern
contaminant source that was not removed during the filtering process.
Although members of the genus Acinetobacter are also ubiquitous
free-living saprophytes isolated from soil, water, and various foods
(Kämpfer, 2014), here they appear to be of modern origin and as such,
cannot provide any additional information about the oral ecology of
these animals. For this reason, this taxon was removed from the
downstream genus-level analysis.
Finally, we tested the proportion of reads classified as bacteria in
both the human and animal shotgun datasets in order to uncover any
underlying database biases. Since taphonomic factors (including age and
archaeological context) may drastically affect this value, we compared
the unfiltered datasets of the chimpanzee (that lived over the past cen
tury) and the historic human samples (dated to the 18th-19th century
AD, Table S1). We found that the chimps possessed significantly lower
average percentages of bacterial classified reads than the historic
humans from Radcliffe (14.8% vs 29.2%, p < 0.001, Pairwise Wilcoxon
test). We believe this discrepancy can be explained by the scarcity of
animal-derived microbial reference genomes, which then leads to a bias
towards human-derived species. This poses questions about our ability
to reconstruct full microbiomes in animal samples and highlights once
more the need to characterize microbes more extensively in current
databases.
3.2. Genus analysis of animal oral microbiomes
The nMDS of Bray-Curtis dissimilarities of species abundances that
we conducted (Fig. 1) showed that most of the animal dental calculus
microbiomes, in particular those from non-human primates (baboons,
chimpanzees and gorillas), clustered closest to ancient and modern
human calculus oral microbiomes. As expected, this larger cluster was
more distant from microbiomes representing other non-oral sources
such as soil and laboratory controls, along with other human body
ecosystems such as the gut and skin. Samples from reindeer appeared to
be more distantly related from the primate cluster and closer to modern
human gut microbiomes. Similar to reindeer, brown bear samples
showed a lack of central clustering, with only three samples (Ua13,
Ua14, Ua7) out of six examined congregating near the oral microbiome
samples. Those three samples from bears that remained unclustered
could be partially due to unfiltered contamination (Ua6) or dysbiotic
conditions associated with a caries lesion (Ua9) (Brealey et al., 2020).
Interestingly, the microbiomes originating from ancient human teeth,
clustered closer to soil samples and distant from those dental calculus
samples, confirming previous observations that archaeological dental
calculus is relatively less exposed to environmental contamination
compared to ancient dentin samples (Mann et al., 2018, 2020). Addi
tionally, it is worth mentioning that Neanderthal samples are clustered
just outside of the traditional primate cluster, which mirrors previous
publications (Ozga et al., 2019; Weyrich et al., 2017).
In order to remove extraneous non-oral taxa from these metaanalyses, we generated a UPGMA dendrogram examining animal
dental calculus samples (Fig. 2), contrasted against a reduced sample of
modern and historic dental calculus representative of the overall human
oral microbiome variation. As expected, the animal samples clustered
separately from humans. The chimpanzee and the baboon samples
appear to be fairly distinctive and only in two instances do we lack
clustering by species. In the first, a chimpanzee sample from Gombe
National Park more closely aligns with human samples (Sample 17C).
This could be the result of an overabundance of genus Methano
brevibacter in this chimpanzee (>11%, while it rangers from 0 to 4% in
the other chimpanzees analyzed), a microbe which is a common human
oral pathogen (found at 15% average frequency in the historic human
sample). In the second instance, a historic baboon sample clustered with
human dental calculus. All the baboon samples originated from animals
held in captivity, in ancient Egypt (samples BB01 to BB11) and in a 19th

3.3. Conclusions and future directions
Our results suggest that many oral ecologies cluster based on host
species, however the wide range of diversity, especially across nonprimates such as bears and reindeers, leave many many unanswered
questions in the field of animal oral microbiomes. Despite dental cal
culus generally considered to be ubiquitous across the fossil record
(Velsko et al., 2019), little attention has been paid to animal micro
biomes outside of primates. Recently, more focus has been given to
present-day animals in captivity and pets, in particular the effects of diet
on oral health (e.g. industrial pet food for companion animals). For
example, veterinary surveys showed that a ground meat diet provided to
captive and domestic felids lacks the mechanical properties of food
normally consumed in the wild, leading to severe dental calculus
build-up and related periodontal disease, which on the other hand are
rare in wild specimens (Kapoor et al., 2016). Another recent study
demonstrated that diet has a strong influence on the oral bacterial
composition of present-day domestic cats (Adler et al., 2016), showing
differences in the microbiome of cats fed on dry-food (highly refined,
cereal-based food typical of modern pet food industry) versus wet-food
(canned and/or fresh meat-based). With this regard, dental calculus may
represent a valuable diagnostic tool to investigate potential dietary
shifts in animal oral microbiota within anthropogenic environments.
Continuing to investigate the oral ecosystems of animals in the fossil
record along with living animals has multiple benefits. Examining a
single mammal over extended time periods in wide ranging geograph
ical contexts can aid in our understanding of oral diversity that may be
related to diet, surrounding ecosystems, or captivity of these animals. As
agricultural animals continue to exist in high numbers in close proximity
to human populations, zoonotic transmission of diseases, especially
4
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through animal bites and consumption of contaminated meat, remains
an utmost concern. Although zoonotically transmitted microbes cannot
be parsed out from the samples examined in the meta-analysis, future
studies may want to focus on specific pathogens that infect human
populations originating from animal reservoirs. With this in mind, we
also understand that we are limited in our analyses by only examining
the oral microbes from the class Mammalia, as they are the only pub
lished shotgun datasets available. A complete understanding of micro
bial diversity is of critical importance in conservation efforts for all
wildlife populations (Trevelline et al., 2019). Determining whether
these common oral pathogens in non-primate mammals are vertically or
horizontally transmitted may also give us a better understanding of the
evolution of microbial taxa across multiple generations of species.
Despite a low number of publications devoted to the characterization of
oral microbiota within primates, a clearer understanding of similarities
and differences across the animal kingdom is emerging. We are hopeful
that continued interest in the field of animal microbiomes can only
benefit our understanding of holobionts within our biosphere.
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